Abstract. In-situ measurements of ozone and water vapour, in the Antarctic lower stratosphere, were made as part of the APE-GAIA mission in September and October 1999. The measurements show a distinct difference above and below the 415 K isentrope. Above 415 K, the chemically perturbed region of low ozone and water vapour is clearly evident. Below 415 K, but still above the tropopause, no sharp meridional gradients in ozone and water vapour were observed. The observations are consistent with analyses of potential vorticity from the European Centre for Medium Range Weather Forecasting, which show smaller radial gradients at 380 K than at 450 K potential temperature. Ozone loss in the chemically perturbed region above 415 K averages 5 ppbv per day for mid-September to mid-October. Apparent ozone loss rates in the sub-vortex region are greater, at 7 ppbv per day. The data support, therefore, the existence of a subvortex region in which meridional transport is more efficient than in the vortex above. The low ozone mixing ratios in the sub-vortex region may be due to in-situ chemical destruction of ozone or transport of ozone-poor air out of the bottom of the vortex. The aircraft data we use cannot distinguish between these two processes.
Introduction
Since the discovery in the 1980s of anomalously low ozone column abundances over the Antarctic by Farman et al. (1985) , ozone abundances in the Antarctic between the months of September to November have continued to decline. Farman et al. (1985) showed that total ozone levels had been in decline at the Halley Bay station since the 1970s, and their results were confirmed by satellite data which showed
Correspondence to: A. R. MacKenzie (r.Mackenzie@lancaster.ac.uk) that the depletion occurred over a very extended region (Stolarski et al., 1986; Solomon et al., 1986) . Between 1985 and ozone levels continued to decline in such a way that by 1989, 70% of the total column ozone content over the Antarctic continent was lost during the month of September and early October (Deshler et al., 1990) . Such loss equates to the removal of 3% of the world's ozone in a period of six weeks, demonstrating just how rapidly the global state of the atmosphere can change (Anderson et al., 1991) . The ozone hole of 1992 showed a very dramatic demonstration of the rate of ozone depletion during austral spring, as measured ozone amounts were about 50% of that of 1979 (Gleason et al., 1993) .
The Antarctic ozone hole occurs within a polar vortex that forms over the Antarctic at the onset of polar night. The vortex consists of strong, westerly winds that inhibit mixing between the polar region and the middle latitudes, resulting in a core of very cold air inside the vortex. Ozone is then depleted within this region, as a result of heterogeneous reactions on Polar Stratospheric Clouds (PSCs) that form in the cold vortex air. PSC formation dehydrates and denitrifies air within the vortex. Heterogeneous reactions on the surfaces of PSCs, involving halocarbon breakdown products, result in ozone destruction (Toon and Turco, 1991) . The vortex remains throughout austral winter, spring, and early summer. The vortex remains ozone depleted until it breaks down, whereupon ozone-rich mid-latitude air is mixed with the polar air, increasing ozone abundances in polar regions and decreasing ozone abundances in the middle latitudes.
The extent and longevity of the polar vortex depends on stratospheric fluid dynamics, particularly the propagation of planetary waves (Schoeberl and Hartmann, 1991) . Whilst the longevity of the ozone hole each year depends on the longevity of the polar vortex, the spatial extent of ozone depletion at any time depends on the extent of cold temperatures, the latitude of the terminator, and transport and mixing within the vortex. The region of ozone depletion and the region of the polar vortex are, therefore, not necessarily identical. To distinguish the chemically defined ozone hole from the dynamically defined polar vortex, the region with low ozone mixing ratios is called the chemically perturbed region (CPR) .
Global observations of column ozone have also shown a decline in abundance, with 3-5% decreases in the middle latitudes and 6-8% decreases at high latitudes (Stolarski et al., 1992) . There is some debate as to just how isolated the air inside the vortex is from the middle latitudes, and so to what degree polar ozone loss can influence mid-latitude ozone loss. Tuck (1989) , , and Tuck et al. (1993) concluded that the air inside the vortex is continually mixed with that outside the vortex, creating a situation whereby the polar vortex acts as a "flowing processor". They hypothesised that a large downward flow exists through the polar vortex which then moves outwards into the middle latitudes. Contrary to this, Juckes and McIntyre (1987) , McIntyre (1989) and Hartmann et al. (1989) argued that the vortex behaved like a "containment vessel". They stated that at the vortex edge was a region of strong radial gradients of potential vorticity (PV) that acted as a barrier to transport across the vortex edge, therefore effectively sealing the vortex off from the middle latitudes. However, a common feature of both analyses is that some mixing of air parcels can occur in the lowermost stratosphere, related to a clear change in the dynamical character of the stratosphere below about 400 K potential temperature. The lowermost stratosphere is that part of the stratosphere for which adiabatic paths to the troposphere exist i.e. isentropic surfaces in the lowermost stratosphere will cross the tropopause at some latitude (Holton et al., 1995) .
Below, we use in-situ ozone and water vapour measurements, along with potential vorticity analyses and TOMS ozone column fields, to investigate the horizontal and vertical extent of the CPR over Antarctica in spring.
Data
APE-GAIA (Airborne Polar Experiment-Geophysica Aircraft In Antarctica) aimed to study the chemistry of the Antarctic stratosphere, using the Russian M55 Geophysica aircraft (Carli et al., 2000 (Carli et al., , 2001 . The Geophysica is a highaltitude aircraft, able to fly in the upper troposphere and lower stratosphere, carrying a large payload (1500 kg) of insitu and remote sensing equipment (Stefanutti et al., 1999b) . The campaign ran from 15 September to 14 October 1999, from a base at Ushuaia, in Tierra del Fuego, Argentina. APE-GAIA was conducted at the beginning of spring in the Southern Hemisphere, which, in terms of the ozone hole, coincides with the transition phase between the depletion and recovery phases (Solomon et al; . The mission was designed to look at three aspects of stratospheric processes in particular: the contributions of various chemical processes involved in ozone hole formation, the interactions between air masses of the polar vortex with those of the middle latitudes, and the determination of ozone loss in the middle latitudes due to transport from the vortex (Carli et al., 2000) .
Five scientific flights were carried out from Ushuaia. Below, we focus on the flights of 21 September, 23 September, 8 October, and 12 October 1999. The flight of 2 October 1999 studied a filament of vortex, and did not penetrate the main body of the vortex ). Since we are primarily interested in the CPR, we will not discuss the flight of 2 October. During the period of the mission, scientists also conducted a series of ground-based and balloon measurements, from various locations along the Antarctic Peninsula, from Ushuaia, and from Punta Arenas (Carli et al., 2001) . This was to validate the measurements taken by the Geophysica and to extend the temporal and spatial range of the results of the project.
The scientific instruments carried by the Geophysica are installed in bays on the aeroplane fuselage, on the wings, and in the tail boom (Stefanutti et al., 1999b) . Instruments on board the Geophysica during the APE-GAIA mission collected in-situ and remote-sensing data on both chemistry and microphysics (Carli et al., 2000) . Here we use data from the FLASH and ECOC instruments, which provide in-situ information about ozone and water vapour concentrations within the stratosphere in the Antarctic region. The remote-sensing measurements are discussed, and compared to in-situ data, in Blom et al. (2001) .
The FLASH (Fluorescent Aircraft Stratospheric Hygrometer) instrument measures water vapour, from approximately 8 km altitude to the maximum altitude of the flight. The hygrometer is an optical fluorescent type based upon Lyman-α fluorescence (Merkulov and Yushkov, 1999) . The FISH in-situ total water instrument (Zöger et al., 1999 ) also flew during APE-GAIA. A detailed intercomparison of the two instruments is outside the scope of the present study; further information will be given in a forthcoming paper ("Variability in the tropopause and hygropause over the equatorial Indian Ocean during February and March 1999") 1 ECOC (Electrochemical Ozone Cell) consists of an electrochemical cell filled with an aqueous KI solution and a teflon sampler with a pump (Kyrö et al., 2000) . The air is circulated through the electrochemical cell where the ozone reacts with a solution of potassium iodide (KI). The reaction induces an electric current around the outside of the cell from which ozone concentration can be determined. ECOC has a sensitivity threshold of 1 ppbv (Kyrö et al., 2000) and acquires a measurement every 5 sec, therefore it tends to average out rapid ozone fluctuations. The FOZAN instrument (Yushkov et al., 1999) , which measures ozone using the chemiluminescence of a dye on reaction with ozone, also flew during APE-GAIA. This instrument has a more rapid response (1 Hz), but has a variable sensitivity to ozone and therefore, needs careful post-flight re-calibration. Since the higher time resolution provided by FOZAN was not required for our analysis, we have used ECOC data only. Vortex edge (−37 PVU) 63 ± 3 57 ± 1 65 ± 5* 69 ± 0.5 55 ± 2 Vortex edge (−44 PVU) 67 ± 2 70 ± 0.5 65 ± 5* 71 ± 0.5 65 ± 1 Ozone hole edge 66 ± 1 65 ± 2 61 ± 3 73 ± 1 64 ± 2 CPR edge 60 ± 1 63 ± 2 59 ± 2 −** 62 ± 2 * Convoluted contours in the region of the Antarctic peninsula ** Aircraft did not penetrate main body of vortex Fig. 1 . Altitude, latitude, longitude, ozone and water vapour as a function of time for the 21 September 1999 flight. Note that as the stratosphere is relatively dry in comparison with the troposphere, the water vapour data in subplot (e) has been enlarged so that the stratospheric portion can be clearly observed. Figure 1 shows the time series relationship for ozone, water vapour, altitude, latitude and longitude for the flight of 21 September 1999. The flight path taken by the Geophysica, indicated in sub-plots a), b) and c) of Fig. 1 , was initially SSW at about 14.7 km (geometric altitude, potential temperatures between 370 K and 380 K). The aeroplane then dived down into the troposphere, re-ascended, and returned in a direct northerly direction, climbing to an altitude of 18 km. The ozone concentration remained low throughout the outbound flight leg. However, on the return flight leg, at approximately (60 • S 70 • W), a sharp increase in ozone concentration was observed. Similar observations were recorded in other flights during the APE-GAIA mission, i.e. a sharp change in ozone concentration, only observed on the return, higher altitude portion of the flight. The return flight leg on 21 September 1999 shows the Geophysica passing from a region of ozone depletion across a well-defined boundary into ozone-rich air, that is, the aeroplane ascended into the CPR from below and then exited the CPR during the NNE-ward horizontal flight. The rapid change in ozone is not seen on the outbound flight leg, which was at a lower altitude, but still in the stratosphere. The tropopause was observed to be at approximately 10.7 km (a potential temperature of 320 K) altitude during ascent and descent into Ushuaia on 21 September 1999 (data not shown). During the dive the lapse rate was approximately 2 K km −1 throughout its duration (i.e. for altitudes between 16 and 10 km).
Results and Discussion
The most noticeable feature of the water vapour time series in Fig. 1e is the increase in water vapour as the Geophysica dives. However, at cruise altitudes, there is also an increase of 1 ppmv in the water vapour mixing ratio on the return flight leg. This increase is concurrent with the sharp change in ozone concentration shown in Fig. 1d . The relative change in concentration of water vapour over the polar vortex is clearly not as great as that of ozone. However, the changes in ozone and water vapour concentrations both show the boundary of the CPR, as noted previously .
In Table 1 we compare the latitude of the edge of the CPR, as measured in-situ, with the latitudes of the edge of the vortex and the edge of the TOMS ozone hole. The latitude of the edge of the CPR is generally two or more degrees equatorward of the edge of the TOMS ozone hole, defined as the latitude of the 225 DU contour. This difference in latitudes is usually within the error bars of both measurements (the calculations of the errors associated with each measure are described in the caption for Table 1 . The latitude of the edge of the CPR is generally approximately coincident with the latitude of the edge of the vortex, as diagnosed from the latitude of the −37 PVU contour in the middle of the region of large PV gradient. Figures 2 and 3 show the ozone and water vapour data, respectively, for all the flights, plotted against altitude and against latitude relative to the edge of the CPR. The absolute latitude of the edge of the CPR varies as the polar vortex varies, due to planetary waves, so the graphs in Figs. 2 and 3 are normalised by setting the latitude of the edge of the CPR to 0 • in each case. The latitude of the CPR edge was estimated from the in-situ ozone measurements at higher altitude. Plotting the data in this way shows that the datafor ozone at least-occupy a relatively large amount of the relative-latitude potential-temperature domain. Below, we will classify data from above 415 K as "in CPR" or "out of CPR", and classify data from below 415 K as "beneath CPR" or "not beneath CPR".
A sharp meridional gradient in the mixing ratio can be seen in the upper portion of each graph, indicating the position of the CPR. This sharp gradient separates the area of high mixing ratios on the right from the area of low mixing ratios on the left and is true for both ozone and water vapour. Below approximately the 415 K isentrope, the CPR is not ev- ident, since there is a much more gradual change in ozone or water vapour mixing ratios with latitude (see below). The outbound flight leg on 23 September 1999 occurred at a sufficiently high altitude for the CPR boundary to be defined by the ozone mixing ratio on both the outbound and return flight legs. The CPR boundary of the outbound flight was at 60.4 • S (theta=420 K), whereas on the return portion of the flight it was at 62.6 • S (theta=430 K). This change in the latitude of the CPR is due primarily to a planetary-wave-induced undulation in the position of the vortex, rather than any variation in the edge of the CPR with height (Fig. 4) . The CPR edge on the return leg is used in Table 1 and for the normalisation in Fig. 2 .
The change in the character of the meridional gradient of ozone above and below 415 K, corresponds to a change in the dynamics of the polar region. For example, Figs. 4a and b show the potential vorticity map for 380 K and 435 K isentropic surfaces, respectively, on 23 September 1999. The central blue area denotes the central region of the polar vor-tex and the edge appears as a narrow edge of steep potential vorticity (PV) gradients. The PV maps show that at 380 K, below the transition zone in Fig. 2 , the steep PV gradients are disturbed on one side of the vortex.
McIntyre (1995) described a transition zone at approximately the 400 K isentrope between the stratospheric polar vortex region and a stratospheric region below, which he called the stratospheric sub-vortex region. He states that the sub-vortex region is like the polar vortex in that it is a region of low temperature, yet different in terms of transport. The data in Fig. 2 show a sharp change in ozone concentration on higher isentropic surfaces, demonstrating the resistance of the stratospheric polar vortex to mixing. The lower isentropic surfaces show little change in ozone concentration with latitude, which is in the region where McIntyre (1995) states that the sub-vortex exists. The lack of a distinct change in concentration of either ozone or water vapour in this region would suggest that mixing does occur between the stratospheric sub-vortex and the middle latitudes.
The lowermost isentropic surfaces in the lower stratosphere are stirred strongly as a consequence of the movement of synoptic scale weather systems. The transition isentrope at 400 K is therefore the altitude below which the stirring process overcomes the processes of vortex edge formation, stirring it out of existence (McIntyre, 1995) . The isentropic surface of the transition zone depends upon the intensity of the synoptic scale weather systems in the tropopause and therefore may be somewhat above or below 400 K. In our data the transition zone appears to be at about 415 K, which corresponds roughly to 70 mbar and 18 km altitude. The stirring process transports air parcels between the sub-vortex and the middle latitudes (McIntyre, 1995) , which would account for the lack of change in ozone and water vapour concentration below 415 K in Figs. 2 and 3 . Tuck et al. (1997) observed expanses of air from the polar regions within the middle latitudes in a zone between the tropopause and θ ∼400 K, providing more evidence for meridional transport and mixing across the sub-vortex. Tables 2 and 3 show mean ozone mixing ratios, for both the outbound and return legs of each flight, i.e. both above and below the 415 K transition zone. Averages are calculated for portions of each flight outside and within, beneath or not, the CPR. Table 2 shows, with the exception of the outward flight leg on 12 October 1999, that above 415 K there is a clear distinction between the mean ozone mixing ratios. The ozone mixing ratios are much lower inside the vortex than outside. Table 3 , however, shows a different relationship below 415 K: ozone mixing ratios are similar inside and outside the vortex. Average ozone mixing ratios below 415 K and beneath the CPR are similar to those above 415 K and in the CPR, and slightly lower than those below 415 K but not below the CPR. Table 2 shows an unexpected relationship for the flight of 12 October 1999. On the outbound leg of this flight, the mean ozone mixing ratio above 415 K outbound is greater inside the vortex than outside. Looking at the rest of the data within Table 2 , it is apparent that, on 12 October 1999, the mean ozone mixing ratio outside the vortex is anonymously low, whilst the mean ozone mixing ratio inside the vortex is similar to values from other flights. The data for the above-415 K-outbound mean mixing ratio are relatively few, and all below the 425-K potential temperature. The CPR edge may be further equatorward at around 420 K than at the higher potential temperatures sampled during the return flight leg, or a filament of low ozone air may have been sampled at 420 K outside the main body of the CPR. Tables 2 and 3 show lower average ozone mixing ratios in October than in September within and beneath the CPR, but no trend outside and not beneath the CPR. Averaging the September flights, and comparing to the flight of 12 October, gives apparent ozone destruction rates of 5 ppbv per day above 415 K, and 7 ppbv per day below. These depletion rates are lower than those calculated for earlier in the spring (see the discussion in Santacesaria et al., 1999) . The lower rates reported here are to be expected, since most of the available ozone has already been destroyed. Figure 5a and b show a close-up of the ozone mixing ratio in the region of the vortex edge below and above the transition zone, respectively. Figure 5b shows the sharp change in ozone concentration that represents the polar vortex edge and demonstrates its layered structure. The pleated effect at the edge of the polar vortex is thought to be caused by the folding and stretching of air on the equatorward side of the vortex, which occurs as a consequence of planetary wave breaking (Bowman and Magnus, 1993) . This results in thin strands of low ozone air being pulled out of the ozone hole more often than mid-latitude air being pulled into the vortex (Chen, 1994) . The steep PV gradients at the vortex act as a barrier to large-scale exchange with the middle latitudes. Bowman (1993) and Chen et al. (1994) both found that there was an exchange across the vortex in the lower stratosphere. Their transport calculations suggested strongly the existence of a transition altitude, above which the Antarctic polar vortex is effectively isolated, and below which it is less isolated. Figure 5a is for an outbound flight leg, and for the same range of latitudes as in Fig. 5b . However, unlike in Fig. 5b , there is no significant change to indicate the presence of an isolated CPR. Instead, there is a rather smooth meridional gradient in ozone, with ozone mixing ratios decreasing towards the pole.
Conclusions
Data from the APE-GAIA clearly showed that the structure of the 1999 Antarctic chemically perturbed region varies dynamically in the vertical. A transition altitude at approximately 415 K separates the polar-vortex-dominated region above from the sub-vortex region below. The air inside the CPR appears to be isolated from mid-latitude air. Beneath the CPR, air is not as isolated. There is considerable variability in the latitude of the CPR edge above 415 K, caused by the folding and stretching of air as a consequence of planetary wave effects. Ozone depletion appears to be ongoing during the APE-GAIA campaign, averaging 5 ppbv/day in the CPR, and 7 ppbv/day beneath the CPR. The meridional gradient of ozone beneath the CPR is such that this apparent ozone depletion cannot be due to mixing with mid-latitude air. However, it is not possible to say from the observations whether the apparent ozone depletion beneath the CPR is actually downward transport of ozone-depleted air from the CPR.
